Abstract-Samples of surface water, suspended particulate matter (SPM), and surface sediment, collected from the Pear River Estuary, Guangdong Province, China in July of 2002 and April of 2003, were analyzed for hexachlorocyclohexanes (HCHs) and dichlorodiphenyltrichloroethanes (DDTs) using gas chromatography with electron capture detection. The levels of total HCHs in water varied from 213 to 3,116 pg/L, although in sediments they ranged from 181 to 1,388 pg/g dry weight. The levels of DDTs were in the range of 228 to 3,284 pg/L in water and 57 to 2,244 pg/g dry weight in sediments, respectively. The observed spatial and temporal variability of concentrations of the target compounds in water body could be attributed to the differences of SPM contents in water body and organic carbon contents in SPM between the two sampling periods. Seven of the 10 water samples collected in July of 2002 had the ratio of dichlorodiphenyltrichloroethane/(dichlorobischlorophenylethane ϩ dichlorodiphenyldichloroethylene) (DDT/[DDD ϩ DDE]) higher than one, indicating that there were likely fresh inputs of DDT to the Pearl River Estuary. The significant positive correlations between the organochlorine pesticide concentrations and organic carbon contents in SPM and sediments indicated that organic matter played an important role in controlling the distributions of these pollutants in the marine environment. Varied correlations between the partition coefficients of pollutants and total organic carbon, salinity, and total SPM contents have been observed, which indicated the influences of these factors on controlling the transport and fate of pollutants in the marine environment.
INTRODUCTION
Organochlorine pesticides (OCPs), such as dichlorodiphenyltrichloroethane (DDT) and its metabolites dichlorobischlorophenylethane (DDD) and dichlorodiphenyldichloroethylene (DDE) (designated as DDTs thereafter), hexachlorocyclohexanes ([HCHs]; sum of ␣-, ␤-, ␥-, and ␦-HCH), etc., are known endocrine-disrupting chemicals and have been of great concern around the world for several decades owing to their chronic toxicity, persistency, and bioaccumulative ability. In China, approximately 4.9 and 0.4 million tons of HCHs and DDT, respectively, were produced in the past, accounting for 33 and 20% of the total global production [1] . After the ban on the usage of OCPs in 1983, the concentrations of OCPs have decreased significantly in foodstuffs [2] and human breast milk [3] during the past 10 to 20 years in China. However, recent studies reported elevated levels of OCPs in seawater and sediments of DaYa Bay [4] , and suggested that DDTs from new input sources were found in air, water, and sediments in China [4] [5] [6] .
As one of the most prosperous regions in China, the Pearl River Delta (PRD) located in Guangdong Province, China has recorded the highest application of OCPs in the country. The average annual application from 1980 to 1995 reached 37.2 kg/ha, four times higher than China's average rate [7] . Recent studies revealed that considerably high concentrations of DDTs were found in the atmosphere of and human breast milk from the PRD [3, 8] . Zhang et al. [9] revealed that no significant decrease of DDTs concentrations was found in dated sediment cores collected from the Pearl River Estuary (PRE), Guangdong Province, China. Several studies inferred that fresh inputs of DDTs possibly were discharged to soils and the aquatic environment in the PRD [5, 10] . Undoubtedly, more monitoring efforts critically are needed for better control and management of these pollutants.
The PRE is one of the largest river estuary systems in South China and has been the focus of many research efforts [11, 12] , because it is a major reservoir for pollutants discharged from industrial waste, municipal sewage, and urban and agricultural runoff in the PRD. In the present study, water and sediment samples from the PRE and northern South China Sea were collected and analyzed for OCPs. The main object of the present study was to examine spatial variations of OCP concentrations in water, suspended particulate matter (SPM), and surface sediments in the PRE. Potential sources, transport, and fate of OCPs, as well as the governing factors, also were investigated in the present study.
MATERIALS AND METHODS

Chemicals
Organochlorine pesticide standards ( p,pЈ-DDT, -DDD, -DDE; ␣-, ␤-, ␥-, ␦-HCH; aldrin, dieldrin, endrin, endosulfan I, endosulfan II, endosulfan sulfate, endrin aldehyde, heptachlor, heptachlor epoxide, and methoxychlor) in a mixture, 2,4,5,6-tetrachloro-m-xylene and decachlorobiphenyl in a mixture, and 4,4Ј-dichlorobiphenyl in a solution all were obtained from Ultra Scientific (North Kingstown, RI, USA). All organic solvents were of analytical grade and further distilled twice to remove impurities. Neutral silica gel (80-100 mesh) and alu- mina (100-200 mesh) were extracted with a mixture of 1:1 (v:v) dichloromethane (DCM) and methanol (MeOH) for 72 h using a soxhlet extractor. Upon drying at room temperature, silica gel and alumina were baked at 180 and 250ЊC, respectively. Sodium sulfate was baked at 450ЊC and stored in sealed containers. The adsorption material XAD resins, purchased from Supelco (Bellefonte, PA, USA), were further cleaned with MeOH using a Soxhlet extractor (Tianbo, Tianjin, China) and soaked in MeOH. Before use, the resin column was eluted with 500 ml of clean water to remove MeOH.
Field sampling
Surface (0.5 m below the surface water) water and surface sediment samples were collected from 11 sites of the PRE and adjacent northern South China Sea (Fig. 1 ) during two cruises in July 2002 and April 2003. Throughout each field cruise a global positioning system was used to locate the sampling positions and a sensor was deployed for obtaining the salinity of each sample. Stations one to six are located in the PRE, and stations seven to 11 are located in the northern South China Sea.
Surface water samples were collected into precleaned amber glass bottles with a stainless steel submersible pump, acidified immediately with 4 M HCl to pH Ͻ2 to depress microbial growth, and stored at 4ЊC. Samples from stations one to six were taken on 1 d, and those from stations seven to 11 were taken on the next day. Volumes of individual samples for OCPs analysis varied from 50 to 100 L. Samples for total suspended solids (TSS) and particulate organic carbon (POC) measurements were collected simultaneously into 1-L plastic bottles. The data for the ancillary parameters are shown in Table 1 .
After returning to the laboratory, SPM was collected by filtering water samples through 142-cm glass fiber filters ([GF/F], Whatman International, Maidstone, UK) precombusted at 450ЊC for 5 h. The GF/F filters then were placed in precleaned glass dishes, wrapped with aluminum foil, and stored in double-layered plastic bags at Ϫ20ЊC until analysis. The filtrates were passed through a glass column (length, 40 mm; inner diameter, 25 mm) containing a mixture of resins (XAD-2 and XAD-4; 1:1 in volume) to retain dissolved organics.
Top 5 cm surface sediments were collected using a stainless grab sampler and placed in precleaned glass jars. The samples were cooled in a refrigerator (0ЊC) during transport to the laboratory and they were stored at Ϫ20ЊC until further analysis.
Sample preparation and extraction
Luo et al. [5] and Mai et al. [13] described the extraction procedures for SPM retained on GF/F filters and sediment samples were in detail. Briefly, a freeze-dried sediment (or SPM) sample was spiked with a surrogate standard (4,4Ј-dichlorobiphenyl) and then was soxhlet-extracted for 72 h with DCM. Activated copper was added for desulphurization.
The detailed procedures for eluting dissolved organics from XAD resins can be found in other publications [5, 14] , so only a brief description is given here. Each XAD resin column was spiked with surrogate standards and eluted with 50 ml of DCM and then with 50 ml of MeOH at a flow rate of 3 to 5 ml/min. The resins then were transferred into a flask and extracted three times (3 ϫ 100 ml) with DCM:MeOH (2:1, v:v) in an ultrasonic bath. All the eluate and extract were combined. Upon addition of 150 ml of saturated NaCl solution, the combined extract was back-extracted three times each with 50 ml of DCM. The obtained DCM fraction was combined and then further extracted twice each with 10 ml of MilliQ water (Mil-Environ. Toxicol. Chem. 27, 2008 M. Yu et al. lipore, Bedford, MA, USA) to remove residual MeOH. The DCM fraction then was drained through a glass column containing 15 g of precombusted anhydrous NaSO 4 to remove any residual water. Each extract was concentrated, solvent-exchanged to hexane, and further reduced to approximately 1 ml under gentle nitrogen (N 2 ) flow. Concentrated extracts were fractionated, successively with 15 ml of n-hexane and 70 ml of 3:7 (v:v) DCM:hexane as eluting solvents on a 1:2 (v:v) alumina:silica gel glass column. The second fraction containing OCPs finally was concentrated to 0.2 ml under a gentle N 2 stream. Before instrumental analysis, each sample was spiked with 5-l internal standards (2,4,5,6-tetrachloro-m-xylene and decachlorobiphenyl) at 200 g/ml.
Instrumental analysis
Organochlorine pesticides were measured using a HewlettPackard 5890 series II gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with electron capture detector and an Hewlett-Packard 5 silica fused capillary column (50-m ϫ 0.32-mm inner diameter with a film thickness of 0.17 m). The chromatographic conditions, as well as the procedure for qualification and quantification of OCPs, was detailed elsewhere [5, 13] . Quantification was performed using the internal calibration method based on five-point calibration curves for individual analytes and 2,4,5,6-tetrachloro-m-xylene and decachlorobiphenyl were used as the internal standards.
Concentrations of TSS were determined with gravimetric analysis. Loaded filters were dried at 60ЊC for approximately 12 h and cooled in a desiccator. The weight difference before and after filtration was defined as TSS. Sediment total organic carbon and POC were determined with an Elementar Vario ELIII elemental analyzer (Hanau, Germany) after treatment with 10% (weight:weight) HCl to remove carbonates. The total suspended solids and particulate organic carbon for suspended particulate matter and total organic carbon for sediments are presented in Tables 1 and 2 , respectively.
Quality control/quality assurance
A degradation check solution obtained from Ultra Science (North Kingstown, RI, USA) was analyzed daily and the extent of degradation had to be less than 15% before the analysis of DDTs could proceed. The surrogate standard (4.4Ј-dichlorbiphenyl) was added to sediment, SPM, and filtrate samples prior to extraction to monitor the procedural performance. The mean surrogate recoveries were 102.0 Ϯ 28.6% in the sediment, 100.3 Ϯ 14.3% in SPM, and 90.9 Ϯ 20.0% in filtrate samples, respectively.
During each sampling cruise, a glass bottle of deionized water was exposed to the ambient environment and treated as a field blank. For each set of 10 field samples, a method blank (solvent with clean GF/F filters), a spiked blank (standards spiked into solvent with clean GF/F filters), a matrix spike (standards spiked into preextracted sediment) and a National Institute of Standards and Technology 1941 ([NIST], Gaithersburg, MD, USA), reference standard sample also were processed. The field blank and method blank samples contained no detectable amounts of the target analysts. Recoveries of all the OCPs in the NIST Standard Reference Material 1941 ranged from 80 to 120% of the certified values. The reported results were surrogate corrected. The detection limit for individual OCPs was 4 to 10 pg/L for a water sample size of 100 L and 10 to 30 pg/g for a sediment sample size of 30 g, respectively.
RESULTS AND DISCUSSION
Physical environment
As shown in Table 1 , the PRE was characterized by a steep gradient of major parameters such as salinity and POC with various water compositions as well as TSS contents. During the field cruise in April 2003, a big storm occurred in the PRD. Therefore, the relatively low salinities and high TSS contents in water samples from the inner parts of the PRE (stations S1 to S6) in this sampling period could be attributed to the large amounts of fresh water resulting from the rainfall. By contrast, the relatively high salinities and low SPM contents in the water samples collected in July 2002 may have resulted from inflows of seawater originating from the South China Sea. Meanwhile, the contents of POC in SPM collected in July 2002 were higher than those collected in April 2003, which may be attributed to the higher primary productivity in summer than in spring in the PRE [15] . An alternative explanation may be that more fine suspended particles originally derived from seawater were collected in July 2002.
Concentrations of OCPs in sediments and subsurface water
The main organochlorine pesticides components detected in the water and sediment samples from the Pearl River Estuary include DDT and its metabolites DDD and DDE, as well as HCH isomers. Others OCPs, including aldrin, dieldrin, endrin, endosulfan I, endosulfan II, endosulfan sulfate, endrin aldehyde, heptachlor epoxide, and methoxychlor, were not detectable. Therefore, only the concentrations of DDTs and HCHs are reported herein (Tables 2 and 3) . The concentrations of DDTs in sediments were in the range of 57 to 2,244 pg/g. Hexachlorocyclohexanes were detected in the sediments at the levels of 181 to 1,388 pg/g. A decrease trend in the concentrations of OCPs (sum of DDTs and HCHs) with increasing distance from the Humen outlet (station S1) to open sea (S8) can be observed with the exception of stations one and two, where the sediments had relatively low total organic carbon contents and consequentially low OCP concentrations (Table 2 , Fig. 2 ). This decrease trend indicated that riverine discharge was the major input source of OCPs in the PRE.
The concentrations of ⌺HCHs (sum of ␣-, ␤-, ␦-, and ␥-HCH) were similar to those reported by Hong et al. [11] for sediments collected from the PRE (280-1,230 pg/g) and Victoria Harbor, Hong Kong, China (not detected-2,300 pg/g) of Hong Kong in 1995 [16] . The same range of concentrations of HCHs also has been reported for sediments from Kyeonggi Bay (150-1,200 pg/g) of Korea [17] , Xiamen Harbor (140-1,120 pg/g) of China [16] , and Bengal Bay (170-1,560 pg/g) of India [18] . In contrast, the concentrations of HCHs in the present study were lower than those in sediment samples from Dalian (7,540-923,000 pg/g) and Jinzhou Bay (5,770-323,070 pg/g), northern China [19] , and Japan Sea (200-114,000) [20] . The levels of DDTs in the present study were similar to those in the west coast (90-1,600 pg/g) of Sri Lanka [21] and Bengal Bay of India (40-4,790 pg/g) [18] , but lower than those in Xiamen Harbor (4450-311,000 pg/g) [16] , Dalian (140-20,270 pg/g), and Jinzhou Bay (970-154,870 pg/g) of China [19] .
In water samples collected in April 2003, concentrations of ⌺DDTs (sum of DDT, DDD, and DDE) and ⌺HCH (both the SPM and dissolved phases) ranged from 228 to 3,284 pg/L and 357 to 3,116 pg/L, respectively. In samples collected in July 2002, the concentrations of ⌺DDTs and ⌺HCH ranged from 634 to 1,924 pg/L and 213 to 2,778 pg/L, respectively. The total concentrations of OCPs also showed a clear seaward decreasing trend in the PRE (Fig. 2) , which is consistent with the distributions of OCPs in sediments. In inner parts of the PRE, the total concentrations of OCPs were higher in April of 2003 than in July of 2002. On the contrary, an inverse trend was observed in the outside of the PRE. High TSS in samples of April 2003 in inner parts of the estuary, which derived from freshwater input, could be responsible for high OCPs concentrations in this period. On the other hand, high OCPs concentration in samples of July 2002 outside the estuary could be attributed to the high POC in SPM.
Concentration levels of HCHs in the water for the Minjiang River (5.1-51.5 ng/L) [22] , Xiamen Harbor (3.5-27.8 ng/L), [4, 23] , and Daya Bay (35.5-1,228.6 ng/L) [4] of China were considerably higher than the reported levels in the present study. Similar or lower concentrations of HCHs in seawater for Singapore's coastal area (01-6.4 ng/L) [24] and Hong Kong (0.4-0.9 ng/L) [12] were reported. The levels of DDTs in the present study were similar to those in Hong Kong seawater (1.1-7.0 ng/L) [12] , but lower than those in Jiulong River Estuary (19.2-96.6 ng/L) [25] , Hanoi Vietnam (43.7-79.9 ng/ L) [26] , and Daya Bay (26.8-975.9 ng/L) [4] .
The effect of organic carbons on the levels of OCPs in sediments and SPM (in pg/g) was investigated (Fig. 3) . In general, SPM and sediment with high organic carbon content showed high concentrations of OCPs and vice versa. Linear regression analyses showed that the concentrations of OCPs in both sediment and SPM were correlated significantly with the organic carbon content in sediment and SPM. The correlated coefficient in sediments and SPM in July 2002 and SPM in April 2003 were 0.67 ( p Ͻ 0.05), 0.96 ( p Ͻ 0.001), and 0.77 ( p Ͻ 0.05, excluding S9), respectively. These results indicated that organic carbon played an important role in controlling the levels of OCPs in sediment and SPM.
Distribution of OCPs between the dissolved and SPM phases
In water samples collected in July 2002 and April 2003, the dissolved fraction of HCHs accounted for 73 to 97% and 75 to 97%, respectively, of the total concentrations of HCHs, consistent with the relatively high solubility of HCHs. Domination of the dissolved fraction for HCHs also has been reported in water samples from Singapore's coastal environment [24] , the Black Sea [27] , and the Daya Bay [4] . Dichlorodiphenyltrichloroethanes are known for their lower water solubility and higher affinity for sediments and particles compared to HCH isomers. It is expected that more DDTs were associated with SPM. The fraction of DDTs in SPM was up to 90% of the total in the water column of the PRD [5] . In the present study, DDTs in the dissolved phase ranged between 44 and 95% of the total concentration in the water samples, which was consistant with the result from Singapore's coastal environment (44-90%), but was contrary to the expectation from the high K OW values of DDTs. The incomplete separation between the SPM and aqueous phases and the relatively low carbon contents in SPM, especially for samples from the inner parts of the estuary, might be the two major causes for the observed distribution.
To further understand the distribution of OCPs in water, the potential influence of certain parameters on the partitioning of these compounds needs to be discussed. The partitioning of HCHs and DDTs between the SPM and dissolved phases was assessed qualitatively using the distribution coefficient K p (K p ϭ C par /C dis , where C par and C dis are the concentrations in the SPM dissolved phases, respectively) and the effects of POC, salinity, and TSS on the distribution coefficient also were investigated. The results (Fig. 4) show that there are positive correlations between log K p and the POC (r ϭ 0.17-0.93, p ϭ 0.0001 to 0.64) and between log K p and the salinity of water (r ϭ 0.49-0.87, p ϭ 0.001 to 0.15), but an inverse relationship between log K p and TSS (r ϭ Ϫ0.88 to Ϫ0.39, p ϭ 0.0007 to 0.27) was observed. This is consistent with the laboratory-M. Yu et al. derived adsorption results and field observations for other hydrophobic organic compounds [28] [29] [30] [31] [32] . The correlations between log K p and total organic carbon or salinity and TSS indicate that these parameters are the major factors influencing the partitioning of OCPs between water and SPM and may potentially influence the transport of OCPs in the estuarine environment.
Composition and sources of OCPs
Two types of HCH products, technical HCH and lindane, were manufactured in the past several decades. The proportion of HCH isomers (␣-, ␤-, ␥-, ␦-isomers) in the technical mixture is as follows: 55 to 80% ␣-HCH, 5 to 14% ␤-HCH, 8 to 15% ␥-HCH, and a minor proportion of ␦-isomers [10] . Lindane is almost pure ␥-isomer (␥-HCH Ͼ 90%). The ratio of ␣-HCH to ␥-HCH ranged between 4 and 15 in technical HCH mixtures and between 0.2 and 1 for lindane [12] . These ratios are expected to increase with distance from the source due to the biotransformation of ␥-HCH to ␣-HCH.
